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Chromosome-dependent spindle assembly requires
the chromosomal recruitment and activation of
Aurora B, the kinase subunit of the chromosomal
passenger complex (CPC). It remains unclear how
the chromosome-activated kinase spatially trans-
mits signals to organize the micron-scale spindle.
Here we reveal that the CPC must detect two struc-
tures, chromosomes and microtubules, to support
spindle assembly in Xenopus egg extracts. While
Aurora B is enriched on chromosomes inmetaphase,
we establish that a fraction of Aurora B is targeted to
the metaphase spindle and phosphorylates microtu-
bule-bound substrates. We demonstrate that chro-
mosomally activated Aurora B must be targeted to
microtubules to drive spindle assembly. Moreover,
although the CPC-microtubule interaction can acti-
vate Aurora B, which further promotes microtubule
assembly, this positive feedback is not initiated
without chromosomes. We propose that the dual
detection of chromosomes and microtubules by the
CPC is a critical step in assembling spindles around
and only around chromosomes.
INTRODUCTION
In eukaryotes, chromosome segregation depends on spindle
microtubules. Although centrosomes can drive microtubule
nucleation, a spindle can form without centrosomes (Heald
et al., 1996; Khodjakov et al., 2000). Instead, chromosomes
can promote spindle assembly by stimulating two signaling
cascades: the Ran-GTP and the chromosomal passenger
complex (CPC) pathways (Kelly et al., 2007; Kalab and Heald,
2008). These pathways are proposed to promote local microtu-
bule assembly by generating a spatial gradient of active effectors
centered on chromosomes (Niethammer et al., 2004; Caudron
et al., 2005; Bastiaens et al., 2006; Kalab and Heald, 2008).
This gradient is created by a reaction-diffusion mechanism: an
effector is chromosomally activated, diffuses away from chro-
mosomes, and is cytoplasmically inactivated. This simple mech-
anism, however, may not fully explain how spindle shape andDevelsize are controlled (Gaetz et al., 2006; Needleman et al., 2010).
Moreover, the regulation and integration of these signaling path-
ways in spindle assembly beyond the initial chromosomal stim-
ulation remains unclear.
While Ran-GTP, which is locally generated by chromosome-
bound RCC1, can nucleate and stabilize microtubules by liber-
ating a variety of spindle assembly factors (Kalab and Heald,
2008), chromosome-associated microtubule assembly also
depends on the CPC in Xenopus egg extracts (Sampath et al.,
2004). The CPC is composed of the kinase Aurora B, inner
centromeric protein (INCENP), Dasra (also known as Borealin),
and Survivin (Ruchaud et al., 2007). The complex localizes to
chromosomes, enriching at the inner centromere, from prophase
to metaphase before relocalizing to the spindle midzone in
anaphase. The CPC-chromosome interaction activates Aurora
B in a Ran-GTP-independent manner and promotes spindle
assembly (Kelly et al., 2007), in part by phosphorylating and sup-
pressing the microtubule destabilizing factors mitotic centro-
mere-associated kinesin (MCAK; also known as XKCM1)
(Andrews et al., 2004; Lan et al., 2004; Ohi et al., 2004; Sampath
et al., 2004; Zhang et al., 2007) and Op18 (also known as Stath-
min) (Gadea and Ruderman, 2006; Kelly et al., 2007). The impor-
tance of the spatial regulation of the CPC was further highlighted
in results suggesting that chromosomal CPC can support spindle
assembly in the absence of the Ran-GTP gradient (Maresca
et al., 2009).
In addition to chromosomes, taxol-stabilized microtubules can
stimulate Aurora B activity in metaphase egg extracts (Kuntziger
et al., 2001; Kelly et al., 2007). The function of this second activa-
tion pathway in preanaphase is enigmatic, given that the CPC is
mainly localized to chromosomes at this stage. Since active
Aurora B promotes microtubule assembly, a positive feedback
loop may form if microtubules further stimulate Aurora B (see
Figure S1A available online). This positive feedback, however,
could be harmful unless it is restricted to the area around chromo-
somes, as it may trigger chromosome-independent microtubule
assembly, which could affect spindle organizationand positioning.
In this paper, we evaluate the importance of the CPC-microtu-
bule interaction for spindle assembly. We establish a previously
overlooked localization and activity of Aurora B on the meta-
phase spindle. We show that not only must chromosomes acti-
vate Aurora B, but the activated Aurora B must also be targeted
to microtubules via INCENP to promote spindle assembly.
Although microtubules can activate Aurora B, our data suggest
that the INCENP-microtubule interaction is adjusted so thatopmental Cell 18, 903–912, June 15, 2010 ª2010 Elsevier Inc. 903
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Figure 1. The CC Domain of INCENP Is
Required for Targeting the CPC to the
Spindle and for Taxol-Induced Kinase Acti-
vation, but Not for Chromosome-Induced
Activation
(A) Dasra A and Survivin are not required for micro-
tubule-induced phosphorylation ofOp18.Control or
DCPC extracts were reconstituted as indicated and
incubated at20C for 90minwith 10mM taxolorwith
2000/ml sperm nuclei and 33mM nocodazole (‘‘chro-
mosomes’’). Samples were analyzed by immuno-
blot with the antibodies indicated on the right.
(B) Schematic of the constructs used in this study.
Red represents the Dasra A and Survivin interac-
tion domain (CEN domain, aa 1–57); blue, the
putative CC domain (aa 491–747); black, the
Aurora B interaction and activation domain
(IN box, aa 790–840); purple, the antigen for the
activating anti-INCENP antibody (aa 858–871);
yellow, the exogenous domains that replaced the
CC domain; caret, flexible linkers. FL, full-length
INCENP (1-871); DCEN, lacking the CEN domain
(D1–57); DCC, lacking the CC domain
(D491–747); DCCVCC, the CC domain is replaced
with the endogenous CC domain of INCENP,
serving as a chimera control for the linkers;
DCCVtau4, the CC domain is replaced by the
four binding cassettes of the microtubule-binding
domain of tau (250–375); DCCVPRC1, the CC
domain is replaced by the microtubule-binding
domain of PRC1 (273–621); DCCVGCN4, the CC domain (D491–747) is replaced by the dimerization domain of GCN4 (250–281).
(C) The CEN domain and the CC domain of INCENP target the CPC to the chromosomes and spindle microtubules, respectively. Control extracts were recon-
stituted as indicated and cycled through interphase to metaphase with 100/ml sperm nuclei at 20C. Samples were processed for immunofluorescence 60 min
after entry into metaphase. Staining with anti-GFP (green) antibodies is shown. DNA (blue) and tubulin (red) were visualized with Hoechst 33258 and rhodamine-
labeled tubulin, respectively. Scale bar, 10 mm.
(D) Immunoblot of experiment in (C) with the indicated antibodies. Samples are numbered as in (C).
(E and F) The CC domain, but not the CEN domain, of INCENP is required for taxol-induced kinase activation. Control or DCPC extracts were reconstituted as
indicated and incubated at 20C for 90 min with 10 mM taxol or 100 mg/ml anti-INCENP antibodies. Samples were analyzed by immunoblot with the indicated
antibodies.
(G) The CC domain of INCENP is not required for chromosome-induced kinase activation. Control or DCPC extracts were reconstituted as indicated and cycled
through interphase to metaphase with 1333/ml sperm nuclei (‘‘chromosomes’’) in the presence of 33 mM nocodazole at 20C. Samples were taken 90 min after
entry into metaphase and were analyzed by immunoblot with the indicated antibodies. Molecular weight markers (in kDa) are indicated on the left. Arrowhead
indicates the hyperphosphorylated form of Op18. AurB, Aurora B; INC, INCENP; DsrA, Dasra A; Sur, Survivin.
Also see Figure S1.
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Dual Detection by the CPC Drives Spindle Assemblypositive feedback between Aurora B and microtubules is not trig-
gered by the sporadically formed microtubules in the cytoplasm.
Thus, in the initial stages of spindle assembly, the functional
CPC-microtubule interaction must be limited to the vicinity of
chromosomes, where the Ran-GTP pathway promotes microtu-
bule nucleation. Altogether, we demonstrate that the CPC must
interact with both chromosomes and microtubules to drive
spindle assembly. Although the CPC does not have to physically
bridge these two structures, we propose that detecting the coin-
cident presence of chromosomes and emerging microtubules by
the CPC within a confined space and time is key for triggering
spindle assembly only around chromosomes.
RESULTS
Aurora B and INCENP Constitute the Minimum CPC
Subunits Required for Microtubule-Induced Kinase
Activation
Phosphorylation of Aurora B substrates is suppressed in meta-
phase Xenopus egg extracts, but can be stimulated by taxol-904 Developmental Cell 18, 903–912, June 15, 2010 ª2010 Elsevier Istabilized microtubules (Kelly et al., 2007). Using quantitative
immunoblots, this reaction can be monitored by the appearance
of a slower migrating form of Op18 or of the phosphorylated acti-
vation loop of Aurora B (Figure S1B). Similarly, microtubules
generated by depleting the major microtubule-depolymerizing
protein, MCAK (Walczak et al., 1996), also stimulated Aurora
B independently of chromosomes (Figure S1C). These results
indicate that the CPC can sense microtubules in metaphase.
What is the function of microtubule sensing by the CPC during
metaphase? To address this question, we sought to discover the
minimal microtubule-sensing domain of the CPC, by first identi-
fying the CPC subunits required for microtubule-induced
activation of Aurora B. Using the ‘‘mRNA-dependent’’ Xenopus
laevis egg extract system (Murray, 1991), we reconstituted
CPC-depleted extract (DCPC extract, in which the CPC was im-
munodepleted by anti-INCENP antibodies) with in vitro tran-
scribed mRNA encoding Aurora B, INCENP, Dasra A, and Survi-
vin. While all four CPC subunits were required to support Op18
hyperphosphorylation in response to chromosomes (Figure 1A,
right), Dasra A and Survivin were dispensable for taxol-inducednc.
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Figure 2. Aurora B Substrates Associated with Microtubules
Are Phosphorylated in Mitosis
(A) Schematic of microtubule-targeted Aurora B FRET-sensor. The microtu-
bule-binding domain is from MAP4.
(B) The FRET sensor shows phosphorylation associated with microtubules in
mitosis. hTERT-RPE1 cells expressing the FRET sensor, or a mutated sensor
(Thr to Ala) as a control, were imaged live. Upper panels, unprocessed CFP
images; lower panels, color-coded images of the YFP:CFP emission ratio.
Higher emission ratio (more yellow/white) indicates dephosphorylation. Scale
bar, 5 mm.
(C) Microtubule-associated phosphorylation in mitosis depends on Aurora B.
Analysis of YFP:CFP emission ratios in mitosis and interphase for the sensor
(n = 42 cells), the mutated sensor (n = 35 cells), and for the sensor after knock-
down of Aurora B by RNAi (n = 23 cells). Aurora B depletion in the imaged cells
was examined by fixation, processing for immunofluorescence, and relocation
using coverslips with grids. Error bars, 1 SD.
Also see Figure S2.
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Dual Detection by the CPC Drives Spindle AssemblyAurora B activation (Figure 1A, left). Therefore, the microtubule
sensor domain must reside in INCENP and/or Aurora B.
The Putative Coiled-Coil Domain of INCENP Is Required
for the Spindle Microtubule Interaction
and Microtubule-Induced Activation of Aurora B
Since the putative coiled-coil (CC) domain of INCENP (Figure 1B,
blue box; CC domain; 491–747) has been implicated in microtu-
bule targeting (Mackay et al., 1993; Kang et al., 2001), we
created a deletion mutant of INCENP that lacks this domain
(INCENPDCC, Figure 1B). We also made INCENPDCEN,
a mutant lacking the N-terminal 57 residues (Figure 1B, red
box; CEN domain) (Ainsztein et al., 1998). These residues
interact with Dasra and Survivin, which target the CPC to chro-
mosomes, centromeres, and the anaphase spindle midzone
(Klein et al., 2006; Jeyaprakash et al., 2007).
We first examined the localization of these constructs (Figures
1C and 1D). In control extract, GFP-tagged full-length INCENPDevelenriched on chromosomes and uniformly localized to the
spindle, similar to endogenous INCENP (Kelly et al., 2007).
GFP-INCENPDCEN showed reduced chromosomal staining,
while still localizing to the spindle. In contrast, GFP-INCENPDCC
maintained chromosomal, but lost spindle, localization. IN-
CENPDCC also had a reduced ability to bind taxol-stabilized
microtubules relative to full-length INCENP (Figures S1D and
S1E). These results suggest that the CEN domain and the CC
domain of INCENP are required for targeting the CPC to chromo-
somes and microtubules, respectively.
Next, we examined if these deletion mutants can activate
Aurora B in response to chromosomes or microtubules (Figures
1E–1G). Both deletion constructs should maintain their intrinsic
capacity to activate Aurora B, since they contain the IN box
(Figure 1B, black box; 790–840), a domain required for the allo-
steric activation of Aurora B (Sessa et al., 2005). Indeed, an anti-
INCENP antibody, which recognizes the C terminus of INCENP
(Figure 1B, purple box; 858–871) and activates Aurora B by clus-
tering-mediated autophosphorylation (Kelly et al., 2007), was
able to induce Op18 hyperphosphorylation in the presence of
either construct (Figures 1E and 1F). INCENPDCEN supported
taxol-mediated, but not chromosome-mediated, activation of
Aurora B (Figures 1E and 1G). Conversely, INCENPDCC failed
to support taxol-mediated, but maintained chromosome-medi-
ated, activation of Aurora B (Figures 1F and 1G). Therefore, the
CEN and the CC domains are responsible for chromosome-
and microtubule-induced Aurora B activation, respectively,
consistent with our previous model of localization-coupled
Aurora B activation (Kelly et al., 2007).
Visualization of Aurora B-Dependent Phosphorylation
on the Preanaphase Spindle
To determine if this microtubule-induced activation of Aurora B is
relevant to the mitotic spindle in vivo, we examined if Aurora B is
active on the mitotic spindle. We developed a fluorescence reso-
nance energy transfer (FRET)-based sensor that localizes to
microtubules and reports on the Aurora B-dependent phosphory-
lation statusofsubstratesonmicrotubules (Figure 2A;FiguresS2A
and S2B). This sensor is based on the reported cytosolic Aurora B
FRET sensor, in which phosphorylation of the sensor by Aurora B
reduces the FRET efficiency between YFP and CFP (Fuller et al.,
2008). It was adapted for microtubule targeting by inserting the
MAP4 microtubule-binding domain (590–964) at the N terminus.
Using an hTERT-RPE1 cell line that stably expresses the
microtubule-targeted sensor, we verified that the sensor local-
ized to microtubules (Figure S2A), and its expression altered
neither the mitotic index nor the error rate of chromosome segre-
gation (Figure S2B). To visualize the phosphorylation of Aurora B
substrates on microtubules, we imaged the sensor in live cells
(Figures 2B and 2C). In mitosis, when Aurora B is activated, the
sensor showed a low YFP:CFP emission ratio, corresponding
to a phosphorylated state. In interphase, when Aurora B levels
are low, the sensor showed a high YFP:CFP emission ratio, cor-
responding to a dephosphorylated state. Mutation of the phos-
pho-acceptor threonine in the substrate to alanine (Thr to Ala
control) or Aurora B knockdown by RNAi led to a high emission
ratio in both mitotic and interphase cells. These results confirm
that the low emission ratio on mitotic spindles depends on phos-
phorylation by Aurora B. Phosphorylation of the sensor on theopmental Cell 18, 903–912, June 15, 2010 ª2010 Elsevier Inc. 905
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Figure 3. The CC Domain of INCENP Is Required for Spindle Assembly
(A and B) Deletion of the CC domain of INCENP inhibits spindle assembly. Control orDCPC extracts were reconstituted as indicated without (A) or with (B) 5 mg/ml
anti-INCENP antibodies. Samples were cycled through interphase to metaphase with 100/ml sperm nuclei at 20C. Samples were processed for immunofluores-
cence 60 min after entry into metaphase. Staining with anti-GFP (green) antibodies is shown in (A). DNA (blue) and tubulin (red) were visualized with Hoechst
33258 and rhodamine-labeled tubulin, respectively. Scale bar, 10 mm.
(C) Quantification of chromosome-containing microtubule structures formed in the extracts described in and numbered as in (A) and (B). The data represents the
average of three experiments with at least 250 structures counted per sample. Red, spindles; blue, disorganized microtubules; yellow, weak/no microtubules.
(D) Immunoblot of samples in (A) and (B) with the indicated antibodies. Molecular weight markers (in kDa) are indicated on the left. Arrow, endogenous Aurora B;
arrowhead, GFP-Aurora B; AurB, Aurora B; INC, INCENP; DsrA, Dasra A; Sur, Survivin.
Also see Figure S3 and Table S1.
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Dual Detection by the CPC Drives Spindle Assemblyspindle does not merely reflect Aurora B activity in the
cytoplasm, since it was more efficient on microtubules near
chromosomes than on astral microtubules that extend away
from chromosomes during early stages of spindle assembly
(L.T. and T.M.K., unpublished data). Furthermore, we were
able to visualize a minor, but significant, population of Aurora
B associated with the spindle in hTERT-RPE1 cells by immuno-
fluorescence using an anti-Aurora B antibody or by live imaging
of GFP-Aurora B (Figures S2C–S2F). Together, these results
suggest that Aurora B is localized to and active on microtubules
of an established mitotic spindle before anaphase onset.
The CC Domain of INCENP Is Required for Spindle
Assembly
Next, we sought to determine the role of the CPC-microtubule
interaction in spindle assembly. We chose to address this point
using Xenopus egg extracts, where the contribution of the CPC
in spindle assembly can be easily observed. We assessed the
requirement of the CC domain for spindle assembly by reconsti-
tuting DCPC extract with GFP-Aurora B, Dasra A, Survivin, and
full-length or mutant INCENP (Figures 3A, 3C, and 3D;906 Developmental Cell 18, 903–912, June 15, 2010 ª2010 Elsevier ITable S1, available online). While full-length INCENP targeted
GFP-Aurora B to chromosomes and supported spindle
assembly (#3), INCENPDCEN (#4) failed to do so, consistent
with the requirement of Dasra A for chromosome-induced
Aurora B activation and spindle assembly (Kelly et al., 2007).
However, the CPC-chromosome interation is insufficient: even
though INCENPDCC (#5) successfully targeted GFP-Aurora B
to chromosomes, it did not support spindle assembly.
To test if the function of the CC domain for spindle assembly is
to activate Aurora B in response to microtubules, we attempt to
bypass its necessity by activating Aurora B by other means. We
monitored spindle assembly in DCPC extract reconstituted with
Aurora B and full-length or mutant INCENP in the presence of the
activating anti-INCENP antibody (Figures 3B–3D; Table S1).
As shown previously (Kelly et al., 2007), artificial activation of
Aurora B by the clustering anti-INCENP antibody, bypassed
the requirement for Dasra A (#8) and the CEN domain (#9) in
spindle assembly. These results confirmed that the primary
role of the CPC-chromosome interaction in spindle assembly is
to activate Aurora B. In contrast, even with the anti-INCENP anti-
body, INCENPDCC failed to support spindle assembly (#10).nc.
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Figure 4. Aurora B Kinase Activation Does
Not Bypass the Requirement of the CC
Domain of INCENP for Spindle Assembly
(A) Induction of Op18 phosphorylation by
increasing doses of anti-INCENP antibodies.
Control or DCPC extracts were reconstituted as
indicated and cycled through interphase to meta-
phase with 100/ml sperm nuclei, the indicated
amount of anti-INCENP antibodies, and rhoda-
mine-labeled tubulin at 20C. Samples were taken
60 min after entry into metaphase and analyzed by
immunoblot using the indicated antibodies.
(B) Quantification of the percent of Op18 that is hy-
perphosphorylated in (A). Hyperphosphorylation
was measured by normalizing the intensity of the
slowest-migrating band to the total intensity of all
the Op18 bands. Samples numbered as in (A).
(C) Activation of Aurora B using higher levels of anti-
INCENP does not rescue spindle assembly in the
presence of INCENPDCC. Extracts were treated
and numbered as in (A). Spindle formation was
quantified by counting the chromosome-contain-
ing microtubule structures. At least 200 structures
counted per sample. Red, spindles; blue, disorga-
nized microtubules; yellow, weak/no microtubules.
(D) Replacing the CC domain with the GCN4
dimerization domain activates Aurora B in the
absence of an inducer. Control or DCPC extracts
were reconstituted as indicated and incubated at
20C for 90 min with or without 33 mM nocodazole.
Samples were analyzed by immunoblot with the
indicated antibodies.
(E) Activation of Aurora B using a dimerizing
INCENP chimera does not rescue spindle assembly. Control or DCPC extracts were reconstituted as indicated and cycled through interphase to metaphase
with 100/ml sperm nuclei, 5 mg/ml anti-INCENP antibodies, and rhodamine-labeled tubulin at 20C. Samples were fixed 60 min after entry into metaphase,
and the chromosome-containing microtubule structures were counted. The data represents the average of three experiments with at least 200 structures
counted per sample. Red, spindles; blue, disorganized microtubules; yellow, weak/no microtubules. Molecular weight markers (in kDa) for INCENP are indicated
on the left. Arrowhead indicates the hyperphosphorylated form of Op18.
Also see Table S2.
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Dual Detection by the CPC Drives Spindle AssemblyThese results suggest that while Aurora B activation is required
for spindle assembly, the CC domain is critical for a process
beyond kinase activation, possibly by targeting chromosomally
activated Aurora B to microtubules.
Supporting the hypothesis that the CC domain functions in
a process beyond kinase activation, further stimulation of Aurora
B activity by two different methods still did not rescue spindle
assembly in the absence of the CC domain (Figure 4). First, we
incubated the extract with higher levels of anti-INCENP anti-
bodies. To bypass the requirement for the CPC-chromosome
interaction in spindle assembly, 5 mg/ml anti-INCENP antibody
is sufficient. In extracts with INCENPDCC, 50 mg/ml anti-INCENP
antibody still failed to form spindles (Figure 4C), even though
Op18 was hyperphosphorylated to at least the same level as that
of control extract with 5 mg/ml antibody (Figures 4A and 4B).
Second, we replaced the CC domain of INCENP with the dimeriz-
ing GCN4 coiled-coil domain (250–281, INCENPDCCVGCN4)
(Figure 1B) (O’Shea et al., 1989). Consistent with the activation
of Aurora B after clustering the CPC (Kelly et al., 2007),
INCENPDCCVGCN4 converted the majority of Op18 to the phos-
phorylated form even in the absence of an inducer (Figure 4D), but
failed to form spindles (Figure 4E; Table S2). Together, these
results demonstrate that, unlike the CEN domain, the CC domain
cannot be circumvented by global activation of Aurora B forDevelspindle assembly, suggesting that the domain does not function
simply to activate Aurora B in the initial steps of spindle assembly.
Exogenous Microtubule-Binding Domains Can
Functionally Replace the CC Domain of INCENP
in Spindle Assembly
The results above suggest that the CC domain-mediated CPC-
microtubule interaction is critical for spindle assembly. Reflecting
this tight correlation, all the tested smaller CC domain deletions
eliminated both microtubule-induced Aurora B activation and
spindle formation (Figure S3). To establish the importance of the
microtubule-targeting function of the CC domain, we tested if
unrelated microtubule-binding domains replace the function of
the CC domain in spindle assembly. Two different microtubule-
binding domains were used (Figure 1B): tau (INCENPDCCVtau4)
and PRC1 (INCENPDCCVPRC1). The tau microtubule-binding
domain (250–375) consists of four binding cassettes with weak
nucleation, but no bundling, activity (Gustke et al., 1994). The
PRC1 microtubule-binding domain (273–621), which is required
for stabilizing the anaphase spindle midzone, can bundle microtu-
bules in interphase, but not in metaphase (Mollinari et al., 2002).
Strikingly, both microtubule-binding INCENP chimeras
(Figures 5A, 5C, and 5D; Table S3, #5 and #6) supported spindle
assembly in DCPC extract reconstituted with Aurora B, Dasra A,opmental Cell 18, 903–912, June 15, 2010 ª2010 Elsevier Inc. 907
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Figure 5. Exogenous Microtubule-Binding
Domains Can Replace the Function of the
CC Domain in Spindle Assembly
(A and B) Spindle formation was monitored in
control or DCPC extracts that were reconstituted
with various INCENP constructs. In (A), the extract
contained Aurora B, Dasra A, and Survivin. In (B),
the spindles were assembled with 5 mg/ml anti-IN-
CENP antibody and with or without Aurora B. The
extracts were cycled through interphase to meta-
phase with rhodamine-labeled tubulin at 20C.
Samples were fixed 60 min after entry into meta-
phase. DNA was visualized with Hoechst 33258.
Bar, 10 mm.
(C) Quantification of the chromosome-containing
microtubule structures described and numbered
in (A) and (B). The data represents the average of
two experiments with at least 250 structures
counted per sample. Red, large bipolar spindles;
orange, medium bipolar spindles; black, asters;
blue, disorganized microtubules; yellow, weak/no
microtubules.
(D and E) Immunoblot of samples in (A) and (B),
respectively, using the indicated antibodies.
Molecular weight markers (in kDa) for INCENP
are indicated on the left. Arrowhead indicates the
hyperphosphorylated form of Op18. AurB, Aurora
B; INC, INCENP.
Also see Figure S4 and Table S3.
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Dual Detection by the CPC Drives Spindle Assemblyand Survivin, though these spindles were slightly shorter. These
INCENP chimeras also supported spindle assembly in DCPC
extract reconstituted with Aurora B and 5 mg/ml anti-INCENP
antibodies (Figures 5B, 5C, and 5E; Table S3, #12 and #13).
Unlike in control extracts, however, large achromosomal micro-
tubule structures formed in the presence of these chimeras (data
not shown, but see Figure 6B), which may explain the change in
spindle length (see Discussion).
Although the microtubule-binding domains of tau and PRC1
may stabilize microtubules, no microtubule structures were
observed in the absence of Aurora B (Figures 5B and 5C,
#14–#18), confirming that the microtubule assembly is Aurora B
dependent. Furthermore, the microtubule-binding activity of the
domain correlated with spindle assembly, as an INCENP chimera
containing a single microtubule-binding cassette of tau, which
does not bind to the spindle microtubules (data not shown), failed
to support spindle assembly (Figure S4). Since two unrelated
microtubule-binding domains that are of different size and struc-
ture replaced the function of the CC domain, the primary
sequence or the physical length of the CC domain is unlikely to
be functionally important. Instead, the critical role of the CC
domain of INCENP in spindle assembly is to mediate the interac-
tion between microtubules and the CPC, either by direct binding
or through an intermediary microtubule-binding protein.
Microtubule-Binding INCENP Chimeras Trigger Aurora
B Activation and Microtubule Polymerization in the
Absence of Chromosomes
If the CPC-microtubule interaction leads to Aurora B activation,
which in turn drives microtubule assembly, then a stochastically
generated microtubule in the cytoplasm may trigger positive
feedback between Aurora B and microtubules, causing further
chromosome-independent microtubule assembly. Since achro-908 Developmental Cell 18, 903–912, June 15, 2010 ª2010 Elsevier Imosomal microtubule structures formed in the extracts express-
ing the microtubule-binding INCENP chimeras in the previous
experiment, we examined if these chimeras can promote feed-
back in the absence of chromosomes. Remarkably, Aurora B
was activated with no inducer in the presence of these chimeras
(Figure 6A). Unlike the case of INCENPDCCVGCN4 (Figure 4D),
this inducer-free activation with these microtubule-binding
chimeras was nocodazole sensitive, suggesting that it resulted
from the formation of microtubules. Indeed, large microtubule
asters were visible in these extracts (Figure 6B). Since active
Aurora B drives microtubule assembly (Sampath et al., 2004),
these INCENP chimeras appeared to trigger positive feedback,
resulting in chromosome-independent microtubule assembly.
Thus,while the artificial CPC-microtubule interaction canpromote
spontaneous microtubule assembly via positive feedback, the
endogenous CPC-microtubule interaction does not do so.
Active Aurora B Must Be Targeted to Microtubules
to Support Spindle Assembly
Wehave shown that the chromosome-inducedAuroraB activation
and the CPC-microtubule interaction are both required for spindle
assembly. Can these two functions support spindle assemblyeven
when they are spatially or temporally unlinked? Uncoupling of the
two functions is possible if Aurora B is first activated on chromo-
somes to promote an initial step of microtubule assembly, and
theCPC-microtubule interactionsubsequentlypromotesasecond
step in spindle assembly. Since INCENPDCC can be activated by
chromosomes but cannot interact with microtubules, and vice
versa for INCENPDCEN, the coexpression of both constructs
should support spindle assembly in such a sequential model. In
contrast, if these functionsmustbephysically linked, coexpression
would fail to support spindle assembly. Consistent with the latter
hypothesis, reconstituting DCPC extract with both INCENPDCENnc.
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Figure 6. Microtubule-Binding INCENP Chimeras Promote Sponta-
neous Induction of Aurora B Activation and Microtubule Assembly
in the Absence of Chromosomes
(A) Microtubule-binding INCENP chimeras activate Aurora B in the absence of
an inducer. Control or DCPC extracts were reconstituted as indicated and
incubated at 20C for 90 min with or without 33 mM nocodazole. Samples
were analyzed by immunoblot with the indicated antibodies. Molecular weight
markers (in kDa) for INCENP are indicated on the left. Arrowhead indicates the
hyperphosphorylated form of Op18.
(B) Microtubule asters form without chromosomes in the presence of the
chimeras. Microtubule formation was monitored with rhodamine tubulin in
extracts as prepared in (A) in the absence of nocodazole. To the left-most
sample, 100 mg/ml anti-INCENP antibody was added. Scale bar, 10 mm.
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Dual Detection by the CPC Drives Spindle Assemblyand INCENPDCC failed to rescue spindle assembly (Figures 7A–
7C, #6;Table S4). This result suggests that chromosomally acti-
vated Aurora B must be targeted to microtubules in order to
promote spindle assembly (Figure 7D), and emphasizes the impor-
tance of detecting both chromosomes and microtubules by
a single CPC in the initial steps of spindle assembly.
DISCUSSION
The CPC Detects the Coincidence of Chromosomes
and Microtubules
Previous models explaining localized spindle assembly focus on
a chromosome-based gradient of active effectors (Bastiaens
et al., 2006; Kalab and Heald, 2008). This study, however, reveals
that simple Aurora B-mediated phosphorylation near chromo-
somes is insufficient for the CPC to execute its role in spindle
assembly.
Here we propose that detecting the presence of chromosomes
and emerging microtubules by the CPC is key in driving spindle
assembly around chromosomes (Figure 7D). Although sparseDevelcytoplasmic microtubules form, Aurora B is not activated (Figures
6 and S1B), suggesting that a functional CPC-microtubule inter-
action cannot be established in the cytoplasm. On chromosomes,
the Ran-GTP pathway and the CPC pathway are independently
activated (Sampath et al., 2004; Kelly et al., 2007; Kalab and
Heald, 2008). As Ran-GTP triggers microtubule nucleation, the
avidity between the CPC and locally nucleated microtubules
increases enough to target activated Aurora B to the microtubule
seeds, a process critical for bipolar spindle formation. Since chro-
mosome-bound and activated Aurora B is spatially near the
microtubules that the CPC senses, chromosomes and microtu-
bules may be coincidently detected by the CPC. The physical
bridging of both structures by the CPC, however, is not required
to support spindle formation, since artificial activation of Aurora
B by anti-INCENP antibodies can bypass the necessity for the
CPC-chromosome interaction (Figure 3) (Kelly et al., 2007).
Instead, we propose that targeting active Aurora B to microtu-
bules is required for spindle assembly. While activated Aurora B
may dissociate from chromosomes and reassociate with microtu-
bules, it should interact with microtubules adjacent to chromo-
somes to spatially restrict spindle assembly.
Since our results indicate that the CPC is localized to and
active on microtubules in an established bipolar spindle (Figures
1C, 2, and S2), we propose that subsequent to this initial step,
a small population of activated Aurora B is targeted to microtu-
bules to trigger positive feedback, which aids in microtubule
assembly farther from chromosomes. The metaphase spindle
is composed of randomly distributed short and long microtu-
bules and, the importance of microtubule nucleation within the
spindle has been reported (Burbank et al., 2006; Yang et al.,
2007; Goshima and Kimura, 2010). These microtubules distal
to chromosomes may have to be recognized by Aurora B, which
is either activated by chromosomes and then transferred to
these microtubules, or activated by spindle microtubules. Such
a mechanism may explain why local microtubule stabilization
near chromosomes is not observed in the established bipolar
spindle (Needleman et al., 2010).
The CPC-Microtubule Interaction Is Critical for Spindle
Assembly
This study demonstrates the importance of the interaction
between the CPC and preanaphase spindle microtubules. The
CPC-microtubule interaction appears to be regulated differently
before and after anaphase onset. While Dasra and Survivin are
required for the anaphase midzone localization of the CPC
(Lens et al., 2006; Jeyaprakash et al., 2007; Yue et al., 2008),
the CC domain of INCENP mediates the relatively weak localiza-
tion of the CPC to the entire metaphase spindle (Figure 1C).
How does the CPC-microtubule interaction promote spindle
assembly? While Aurora B can phosphorylate its substrates
independent of its microtubule localization, targeting of active
kinase to microtubules may aid in the effective phosphorylation
of critical microtubule-bound substrates. Alternatively, the
microtubule-targeting domain may harbor a kinase-independent
function that affects microtubule dynamics. In either case, this
function of the CC domain must be physically linked to the acti-
vated Aurora B to promote microtubule assembly (Figure 7).
Although the CC domain can be functionally replaced with an
exogenous microtubule-binding domain for spindle assemblyopmental Cell 18, 903–912, June 15, 2010 ª2010 Elsevier Inc. 909
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Figure 7. Chromosomal Activated Aurora B Must Interact with Microtubules
(A) Spindle formation was monitored in control or DCPC extracts that were reconstituted with various INCENPs, Aurora B, Dasra A, and Survivin. The extracts
were cycled through interphase to metaphase with rhodamine-labeled tubulin at 20C. Samples were fixed 60 min after entry into metaphase. DNA was visualized
with Hoechst 33258. Bar, 10 mm.
(B) Quantification of the chromosome-containing microtubule structures described and numbered in (A). The data represents the average of three experiments
with at least 250 structures counted per sample. Red, spindles; blue, disorganized microtubules; yellow, weak/no microtubules.
(C) Immunoblot of samples in (A) using the indicated antibodies. Molecular weight markers (in kDa) for INCENP are indicated on the left.
(D) Model showing the role of the CPC-microtubule interaction in spindle assembly. Blue double lines, protein-protein interaction; red single-headed arrows,
Aurora B activation; plus sign, ‘‘AND’’ gate; AurB, Aurora B; INC, INCENP; DsrA, Dasra A; Sur, Survivin.
Also see Table S4.
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Dual Detection by the CPC Drives Spindle Assembly(Figure 5), the microtubule-binding chimeras spontaneously trig-
gered positive feedback between Aurora B and microtubules
(Figure 6), highlighting the importance of the proper adjustment
of the CPC-microtubule interaction. These chromosome-inde-
pendent microtubules may reduce the concentration of free
tubulin available for spindle assembly, which may explain the
shorter spindles that form in the presence of these chimeras
(Figure 5). We suspect that the exogenous microtubule-binding
domains differ from the native CC domain in how they interact
with microtubules. Further mechanistic understanding of the
CPC-microtubule interaction should reveal how the positive
feedback is suppressed in the absence of chromosomes.
The Role of the CPC-Microtubule Interaction in Other
Systems
Our data suggest that Aurora B is localized to and active on
spindle microtubules in hTERT-RPE1 cells (Figures 2 and S2).
Unlike in Xenopus egg extracts, however, Aurora B inactivation
does not grossly affect microtubule assembly in metaphase
somatic tissue culture cells (Adams et al., 2001; Ditchfield
et al., 2003; Hauf et al., 2003; Honda et al., 2003). This lack of
requirement for Aurora B may be due to differences in spindle
assembly of the two systems. For instance, kinetochore microtu-
bules contribute to spindle assembly more strongly in tissue910 Developmental Cell 18, 903–912, June 15, 2010 ª2010 Elsevier Iculture cells than in Xenopus egg extracts (Heald et al., 1996;
O’Connell et al., 2009). However, during recovery from transient
nocodazole treatment, it has been shown that the CPC facilitates
the chromosome-associated microtubule assembly in HeLa and
LLC-PK1 cells (Tulu et al., 2006; Katayama et al., 2008). Thus, the
CPC may contribute to spindle assembly at the specific develop-
mental stages, or under the environment where spindle function
is compromised. Indeed, the importance of the CPC in spindle
assembly has been shown in Drosophila oocytes (Colombie
et al., 2008) and in budding yeast cells with a compromised kine-
sin 5 family activity (Kotwaliwale et al., 2007).
Dual detection of chromosomes and microtubules by the CPC
may be used for other signaling processes. For instance, while
the molecular details of spindle assembly and the spindle check-
point differ, they appear to use similar modules of INCENP, as the
CC domain of INCENP and the centromeric localization of the
CPC are required for the taxol-induced spindle checkpoint
(Lens et al., 2006; Vader et al., 2007; Yue et al., 2008). This mech-
anism may also contribute to the monitoring of unsegregated
chromosomes left behind in the spindle midzone (Norden et al.,
2006; Steigemann et al., 2009), and to the detecting of erroneous
kinetochore-microtubule attachments (Sandall et al., 2006;
Rosasco-Nitcher et al., 2008; Kelly and Funabiki, 2009). Further
investigation of the CPC as a potential coincident detector willnc.
Developmental Cell
Dual Detection by the CPC Drives Spindle Assemblyincrease our understanding of how signal processes during
mitosis and meiosis are spatiotemporally coordinated.
EXPERIMENTAL PROCEDURES
Xenopus Egg Extracts
Meiotic metaphase II (cytostatic factor [CSF])-arrested Xenopus laevis egg
extracts were prepared (Murray, 1991).
Cell Culture
Cells were maintained at 37C and at 5% CO2 in Dulbecco’s modified Eagle’s
medium (Invitrogen, for 293-Ampho cells) or Dulbecco’s modified Eagle’s
medium/F12 1:1 nutrient mix (Invitrogen, for hTERT-RPE1 cells) supplemented
with 10% FBS (Atlanta Biologicals), 100 U/ml penicillin, and 100 mg/ml strep-
tomycin (Invitrogen). All live imaging was of retroviral stable cell lines. Retrovi-
ruses were generated by transfecting 293-Ampho cells by calcium phosphate
precipitation. hTERT-RPE1 cells were infected by retrovirus with 4 mg/ml poly-
brene (Sigma) and selected by puromycin (Sigma).
Immunodepletion and Reconstitution of Egg Extracts
Control rabbit IgG, anti-INCENP (Sampath et al., 2004), or anti-MCAK (a gift of
R. Ohi) antibodies were crosslinked to protein A Dynabeads (Invitrogen) using
BS3 (Pierce) according to the manufacturer’s directions. Antibody-crosslinked
beads were incubated with an equal volume of extract for 90 min at 4C and
then removed to yield the depleted extract. mRNAs encoding the CPC were
made using the SP6 mMessage mMachine RNA transcription kit (Ambion)
and added to extract: 0.3 mg/ml for all INCENP-based mRNAs and 0.1 mg/ml
for Dasra A and Survivin. For Figures 1 and 3, Aurora B mRNA was added to
0.3 mg/ml. For all other figures, recombinant Aurora B was added to 500 nM.
Activation of Aurora B in Egg Extracts
mRNA was added to extract containing 25 mg/ml cyclin BD90 (Glotzer et al.,
1991) and incubated for 90 min at 20C. A total of 10 mM taxol, 1500/ml sperm
nuclei with 33 mM nocodazole, 100 mg/ml anti-INCENP antibodies, or 33 mM
nocodazole was then added and incubated for 90 min at 20C.
Spindle Assembly in Egg Extracts
Extract, containing mRNA and 400/ml demembraned sperm, was cycled to
interphase at 20C for 90 min using 0.3 mM CaCl2. Metaphase spindles
were formed by adding three volumes of CSF-arrested extract and incubating
for 60 min at 20C. For anti-INCENP antibody-induced spindle assembly,
a final concentration of 5 mg/ml anti-INCENP antibodies, unless otherwise
noted, was added to extract. Spindles were imaged using a Photometrics
CoolSnap HQ-cooled CCD camera attached to a Carl Zeiss Axioplan 2 micro-
scope with a Plan Neofluar 403 objective and controlled by MetaMorph soft-
ware (Universal Imaging). Spindle lengths were measured using MetaMorph.
Immunofluorescence Imaging of Egg Extracts
Spindles were processed for immunofluorescence (Desai et al., 1999). Anti-
GFP antibodies (Roche) were used at 2 mg/ml in AbDil (TBS, 0.1% Triton
X-100, 2% BSA). Alexa-488-conjugated goat anti-mouse antibodies (Invitro-
gen) were used for detection.
Live Cell Imaging and Processing of hTERT-RPE1 Cells
Cells were grown on poly-D-lysine (Sigma)-coated coverslips (Fisher Scien-
tific) and mounted in a Rose chamber in L-15 media (Invitrogen) supplemented
with 10% FBS and maintained at 35C to 37C. For GFP-Aurora B imaging,
confocal fluorescence and DIC images were acquired using a Nikon TE2000
microscope (Morrell Instruments) with a PlanApo 1003 objective. The FRET
sensor was imaged and the data was processed (Fuller et al., 2008).
Immunoblots
Primary antibodies were diluted in PBS/3% BSA: 7 mg/ml anti-xINCENP,
5 mg/ml anti-Aurora B (Kelly et al., 2007), 4 mg/ml anti-Dasra A (Sampath
et al., 2004), 15 mg/ml anti-Survivin (raised against WEPDDDPWTEHSKR
SANC), 1/200 anti-pAurora (#2914, Cell Signaling Technology), 0.2 mg/ml
anti-Op18 (a gift from R. Heald), 1 mg/ml anti-MCAK, and 1/10,000Develanti-a-tubulin (DM1, Sigma). IRDye 800 goat anti-rabbit or anti-mouse IgG
(Li-Cor) was used at manufacturer’s instructions. Blots were detected and
quantified using the Odyssey Infrared Imaging System (Li-Cor).
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